Cathepsin C (CTSC) is a lysosomal cysteine protease belonging to the papain superfamily. Our previous study showed that CTSC precursor (zymogen) is localized exclusively in cortical rods (CRs) of mature oocyte in the kuruma prawn Marsupenaeus japonicus, suggesting that CTSC might have roles on regulating release and/or formation of a jelly layer. In this study, enzymically active CTSC of the kuruma prawn was prepared by recombinant expression in the High Five insect cell line. The recombinant enzyme with a polyhistidine tag at its C-terminus was considered to be initially secreted into the culture medium as an inactive form of zymogen, because Western blot with anti-CTSC antibody detected a 51 kDa protein corresponding to CTSC precursor. After purification by affinity chromatography on nickel-iminodiacetic acid resin, the enzyme displayed three forms of 51, 31, and 30 kDa polypeptides. All of the forms can be recognized by antiserum raised against C-terminal polyhistidine tag, indicating that the 31 and 30 kDa forms were generated from 51 kDa polypeptide by removal of a portion of the N-terminus of propeptide. Following activation at pH 5.5 and 37
Introduction
Cathepsin C (CTSC), also named cathepsin J, dipeptidyl transferase and dipeptidyl aminopeptidase I (DPPI) (EC 3.4.14.1), is a member of the papain superfamily of lysosmal cysteine protease [1, 2] . The amino acid sequences of CTSC share 30%-40% homology with those of other cysteine protease members including cathepsin B, H, L [3, 4] , and moreover, CTSC contains the same three highly conserved regions of catalytic active sites (Cys 25 , His 159 , and Asn 197 by papain numbering) as in all papain family members. Nevertheless, CTSC has unique characteristics in structure and proteolytic specificity as follows: (1) CTSC is oligomeric protein (about 200 kDa) consisting of four identical subunits (tetramer), differing from monomeric relatives of the papain family. Each subunit is proteolytically processed into three chains: a significantly long propeptide, and heavy and light chains. (2) CTSC is only papain-like cysteine protease that requires halide ions to achieve maximum enzyme activity. (3) Unlike the endoproteolytic activity of cathepsins B, S, and L, CTSC has broad exopeptidase activity and can progressively remove dipeptides from the free amino terminus of various protein and polypeptides substrates except when the amino terminal residue is lysine or arginine, or proline residues exist on the either side of the cleavage site [5, 6] . Based on its unique exoproteolytic specificity, CTSC has been applied to amino acid sequencing of protein and excision of fusion peptides from the amino termini of recombinant proteins with CTSC break-point [7] .
In mammals, CTSC was extensively distributed in many tissues. High levels were found in lung, liver, kidney and spleen. CTSC is not only capable of degrading intracellular protein but also involved in cell growth [8] and the activation of several granule-associated serine proteases, such as cathepsin G [9] , lymphocyte granzymes A and B [10] [11] [12] , neutrophil elastase and chymases [9] , and mast cell chymase and tryptase [13] [14] [15] [16] [17] . CTSC plays a requisite role in the posttranslational processing and activation of these granule serine proteases by the removal of one or more dipeptides. CTSC is thus thought to be one of the major processing enzymes known so far [18] . Mutations of the CTSC gene are responsible for Papillon-Lefevre syndrome in human [19] .
In penaeid shrimps, we first cloned and characterized the kuruma prawn (Marsupenaeus japonicus) CTSC [20] . High expressions of the CTSC transcripts were found in the ovary at final stages of oocyte maturation. The CTSC precursor (proCTSC) was localized exclusively in cortical rods (CRs) in extracellular cortical crypts of oocytes. CRs appear after completion of yolk accumulation in oocytes, and are, upon fertilization, released from the crypts to form a jelly layer surrounding an egg. Accordingly, the proCTSC was suggested to be activated during fertilization and has a crucial role on regulating CR release and/or formation of a jelly layer. This study attempted to obtain an enzymically active CTSC of the kuruma prawn. Since the deduced amino acid of kuruma prawn CTSC possessed a potential glycosylation site [20] , the production of recombinant protein using High Five insect cell line was applied to obtain an active enzyme with an arthropod-type sugar chain. The purified recombinant product of CTSC provides sufficient active enzyme to further characterize its potential physiological role of regulating CR release and/or formation of a jelly layer.
Materials and Methods

Insect Cells Culture.
The High Five insect cell line (BTI-TN-5B1-4), originated from the ovarian cells of the cabbage looper, Trichoplusia ni, was commercially purchased from Invitrogen. The insect cells were routinely grown and subcultured at 27
• C in serum-free medium Express Five SFM (Invitrogen), supplemented with L-glutamine to the final concentration of 18 mM.
Construction of Expression Plasmid
Vector. Total RNA was isolated from the kuruma prawn ovary with Trizol Reagent (Invitrogen) and reverse transcribed into cDNA using Superscript II reverse transcriptase (Invitrogen) following the manufacturer's instructions. The cDNA fragments encoding the prawn proCTSC with its signal peptide were PCR-amplified from the ovary cDNA pool using the following specific primers: sense primer (5 -ACAATGCTCCTGTGGGTCGTAGCA-3 ) and antisense primer (5 -TCA ATGGTGATGGTGATGATGTGG-GATGGGCACAGCTTCCA-3 ), while the cDNA fragments encoding the proCTSC without its signal peptide were amplified using the sense primer 5 -GCAATGGACACG-CCCGCGAACTGCAC-3 and the same antisense primer as mentioned above. These primers were based on the sequence of prawn proCTSC cDNA, as published by Qiu et al. [20] . The sense and antisense primers were supplemented with a start codon (double underline) and a polyhistidine tag (underline) followed by a terminal codon (box), respectively. The PCR products were directly cloned to expression plasmid pIB/V5-His-TOPO (Invitrogen), which contains baculovirus promoters and need no other viral factors to activating protein expression in insect cell lines [21] . The recombinant plasmid vectors were correspondingly designated as pIB/CTSC1 (with signal peptide) and pIB/CTSC2 (without signal peptide). The constructed plasmids were transformed into TOP10 competent cells and the positive clones were sequenced to verify the correct orientation and open reading frame of the insert.
Expression of Recombinant CTSC in Insect Cell Line.
By using the lipid-mediated transfection reagent Cellfectin (Invitrogen), approximately 1 μg of constructed plasmids DNA were transfected into log-phase insect High Five cells (1.8-2.3 × 10 6 cells/mL, >95% viability) in serum-free media Express Five SFM (Invitrogen) according to the standard protocol provided by the manufacturer. The expression of recombinant protein was assayed with the cultured medium 1-4-day posttransfection.
Purification of Recombinant CTSC.
The recombinant protein was purified from the cultured medium by affinity chromatography on Ni-chelating resin using ProBond Purification System (Invitrogen). In order to remove any possible media components that may strip Ni +2 from metalchelating resins, the harvested supernatant of medium was ultrafiltered and buffer exchanged through a Centriplus Centrifugal Filter Unite (Millipore) with Native Purification Buffer (NPB, 50 mM sodium phosphate, 500 mM NaCl, 10 mM imidazole, pH 8.0) prior to affinity chromatography. The condensed sample was loaded onto a Ni-chelating resin column equilibrated with the buffer NPB. After binding for 60 minutes at room temperature, the column was washed and eluted with buffer NPB containing 20 mM and 250 mM imidazole, respectively. The eluent was collected in 1 mL fractions and analyzed with Western blot. Fractions with immuno-positive eluent were pooled and adjusted to pH 5.5 with 1 M citric acid followed by incubation at 37
• C for 40 hours to complete the proteolytic maturation.
Western Blot.
Ten microliters of the culture media and purified recombinant protein was resolved on a 5-20% gradient SDS-PAGE gel under reducing conditions and electroblotted onto a polyvinylidene difluoride membrane (PVDF, Amersham-Pharmacia Biotech). The membrane was treated with blocking solution (Roche Diagnostics Corporation) overnight at 4
• C and incubated with primary antibody at 1 : 1000 for 1 hour at room temperature. The antibody to the C-terminus of the kuruma prawn CTSC was raised as described previously [20] , and the antihistidine-tag antibody was purchased from Invitrogen. After washing with Tris-buffered saline ( Figure 1 : Schematic presentation of the rCTSC precursor encoded by pIB/CTSC1. The deduced amino acid sequence comprises of 449 amino acid residues with calculated molecular masses as below: signal peptide (SP): 18aa, 1.9 kDa; propeptide: 201aa, 23 kDa, and matured peptide: 230aa, 26 kDa with heavy chain: 163aa, 19 kDa, and light chain: 67aa, 7 kDa, respectively. The 6-histidine tag sequence is fused to the C-terminus of the light chain. The rCTSC precursor encoded by pIB/CTSC2 lacks 18aa of the signal peptide.
NaCl, pH 7.4) containing 0.1% Tween-20, the membrane was incubated with a second antibody (goat anti-rabbit serum) conjugated with alkaliphosphatase (Bio-Rad) at 1 : 10 000 for 1 hour at room temperature. NBT/BCIP (Roche Diagnostics Corporation) was used as a substrate for color development.
2.6. Activity Assay. Activity was assayed by the hydrolysis of Gly-Phe-β-naphthylamide (Sigma) at 37
• C essentially as described by McGuire et al. [1] . The assay buffer mixture (600 μL) contained 100 μM substrate, 50 mM sodium acetate, pH 5.5, 30 mM NaCl, 1 mM DTT, and 0.5 mM EDTA. The reaction was stopped by the addition of 500 μL of 50 mM glycine-NaOH, pH 10.5. One unit of enzymatic activity was defined as the amount of enzyme required to release 1 μmoL of β-naphthylamine from the hydrolyzed substrate per minute as monitored the fluorescence at 335 nm excitation, 405 nm emission.
To determine the optimal pH value, substrate hydrolysis was performed at 37
• C over a pH range of 3.0-8.0. The assay buffer used was 50 mM citrate (pH 3.0), 50 mM sodium acetate (pH 4.0-5.5), 50 mM sodium phosphate (pH 6.0-7.0), and 50 mM Tris-HCl (pH 7.5-8.0), respectively. Protein concentrations were determined by the Bradford assay [22] , using bovine serum albumin as a standard.
Results and Discussion
PCR Amplification and Expression Vector Construction.
Based on the full-length cDNA sequence of the proCTSC in our previous work [20] , the proCTSC-encoding regions were PCR-amplified from the kuruma prawn ovarian cDNA pool. Since CTSC was predicted as a secreted protein, to verify whether the CTSC secretion does rely on the native secretion signal, two forward primers were designed to separately generate a PCR product either with or without the shrimp CTSC signal peptide. After T-A cloning of PCR products, the insert sequence was confirmed to hold a correct open reading frame and no mutations. In the expression vectors pIB/CTSC1 (with signal peptide), as expected, the insert cDNA sequence encodes a proCTSC of 449 amino acids with a calculated molecular weight of 51 kDa, comprising a putative signal peptide of 18 amino acids, a notably long propeptide of 201 amino acids and a putative mature peptide region of 230 amino acids (Figure 1) . Additionally, a 6-histidine tag was introduced to the C-terminal of the light chain to simplify purification of expression product. Likewise, pIB/CTSC2 (without signal peptide) was confirmed to encode a CTSC comprising the same propeptide and mature peptide with a 6-histidine tag.
Expression and Purification of the Recombinant CTSC.
Considering that the High Five cells were apt to form clumps in suspension culture, adhere-wall culture method was employed to produce the recombinant CTSC (rCTSC) in stable expression. A serum-free medium was chosen for easier purication and downstream processing of secreted recombinant products. By means of immunoblotting analysis using antibody to the C-terminus of CTSC, a target band of a 51 kDa protein was detected in the culture media for High Five cells infected by pIB/CTSC1 with signal peptide but not in those by pIB/CTSC2 without signal peptide and uninfected High Five cells as well (Figure 2 ). These results illustrate that the shrimp rCTSC signal peptide has functioned properly in insect cells and is required by the insect cells for an efficient secretion of the recombinant protein.
To find the optimal time of harvest, a time course was set up for expression of proCTSC in High Five insect cells. The culture medium was harvested at 24 hours intervals from 24-hour to 96-hour posttransfection. The amount of proCTSC reached the maximum at 72-hour posttransfection, since there is no significant increase of the amount of proCTSC after the expression progressed further than 72 hours of infection, as shown by Western blot analysis of the cultured medium ( Figure 3) . Therefore, 72 hours infection was chosen as the optimal harvest time for subsequent experiments in order to avoid any possible degradation of recombinant product at longer time points.
Immunoblot analysis of the rCTSC purified by Nichelating affinity chromatography revealed three polypeptides with molecular masses of approximate 51 kDa, 31 kDa, and 30 kDa (Figure 4) . The amount of 51 kDa polypeptides is much larger than that of the other two. Flatworm CTSC expressed in insect cells also exhibited similar three bands of 55 kDa, 39 kDa, and 38 kDa polypeptides after purification. N-terminal sequencing demonstrated that the 39 kDa and 38 kDa polypeptides shared identical N-terminal sequence and were produced by removal of 126 residues from Nterminus of 55 kDa proenzyme [23] . Thus, it is likely that 31 kDa and 30 kDa polypeptides are derived from 51 kDa polypeptide by differential processing of N-terminus of peptides as demonstrated in flatworm rCTSC. It is worth noting that the 30 or 31 kDa is apparently larger than the calculated molecular weight of the mature CTSC of 26 kDa, although the existence of a potential glycosylation (position 228) and an extra 6-histidine tag attached to the C-terminus of the mature peptide might increase the expected size of mature peptide by ∼2 kDa. The best explanation for the increased size is that a small partial propeptide still remained on the mature peptide as revealed in flatworm rCTSC. The cleavage site in the proCTSC is near the C-terminus of the propeptide region instead of the joint between propeptide and mature peptide. Like flatworm rCTSC, more than one processed NH2 terminis were identified in the expected heavy chain peptide of insect-expressed shrimp rCTSC. Interestingly, similar result was also reported in the native CTSC purified from the dog mast cell, in which the heavy chain is heterogeneously processed to three different forms [17] and has multiple heavy chain NH2 termini. The functional significance of variable heavy chain N-terminal processing is unknown. Whether the unusual processing might result in specific activity remains to be further investigated.
Activity of rCTSC.
The rCTSC activity was assayed in the medium before and after incubation. The rCTSC exhibited very low activity against the substrate Gly-Phe-β-naphthylamide before incubation. Interestingly, an increased activity occurred after incubation of the rCTSC for 40 hours at 37
• C at pH 5.5 ( Table 1 ), indicating that the insect cells initially secreted inactive zymogen proCSTC (51 kDa) in the medium and then the inactive proCTSC underwent autoactivation during the incubation. The enzymatic activity could be from the processed forms of 30 and 31 kDa that were produced during purification as noted above. The removal of the propeptide is prerequisite for the rCTSC to acquire enzymatic activity. Several lines of evidence supported that a partial processed propeptide attached to the oligomeric form was required for proper folding of human and rat native CTSC [24, 25] . But it remains unknown whether the processed propeptide is also necessary for proper folding of the prawn rCTSC or not when expressed in insect cells.
It has been shown that the mature peptide of rat rCSTC expressed in insect cells was cleaved into heavy chain (24 kDa) and light chain (5.5 kDa) as its native CTSC [26] . However, like the flatworm mature rCSTC [23] , there was no cleavage between heavy and light chains in the mature peptide of the kruma prawn rCTSC and the Western blot profile of active rCTSC did not change in the incubated medium as compared with the nonincubated (data no shown). Similarly, only a single chain of the mature peptide (26 kDa) of bovine rCTSC was found with enzymatic activity in methylotrophic yeast expression system [27] . The active CTSC purified natively from human spleen is also composed of only a subunit of 24 kDa (intact mature peptide) rather than two subunits (heavy and light chains) [1] . Therefore, it can be deduced that the cleavage between heavy and light chains might be not required for the maturation and activation of rCTSC.
As shown in Figure 5 , the optimal pH of the rCTSC was around 5, which was basically the same with that of the native prawn CTSC [28] . This value is also consistent with that obtained from cathepsin L in the shrimp (Penaeus vannamei) [29] but lower than that of human CTSC (pH 6.0) [30] . Only slight activity was measured at neutral pH and in extreme pH regions, which is a typical characteristic of the lysosomal cysteine proteinases.
In summary, we have successfully produced the kuruma prawn rCTSC using the High Five insect cell expression system. The purified rCTSC exhibited high enzymical activity after incubation at pH 5.5. To our knowledge this is the first time that active rCTSC of crustacean species is produced. The active rCTSC will be useful for further characterization of its exact physiological role on CRs release and/or formation of a jelly layer in penaeid shrimp.
